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A B S T R A C T

IL-17-producing Th17 cells play an important role in allergic airway diseases, but their local expression and
regulation in allergic rhinitis (AR) is not well understood. This study investigated the effects of 1,25-
dihydroxyvitamin D3 (1,25-(OH)2D3) on T-bet expression, Th1 cells, Th2 cells, Th17 cells and IL-33-positive
epithelial cells in AR. C57BL/6 mice were intranasally sensitized and challenged with ovalbumin (OVA), and
1,25-(OH)2D3 was intraperitoneally injected into AR mice. Cytokine levels were measured with enzyme-linked
immunosorbent assays, phenotypic analysis of Th1, Th2 and Th17 cells in the spleen was completed with flow
cytometry, and the CD4+IL-17+ cells in the Nasopharynx-associated lymphoid tissue (NALT) and IL-33-positive
cells in nasal mucosa was evaluated with immunofluorescence microscopy. AR mice shown significantly
increased Th2 and Th17 cell ratio in spleen, IL-17 level in serum, IL-5 and IL-13 levels in NALF but a lower
number of IL-33-positive epithelial cells and Th1 response (Th1 and Tbet+Th1 cell ratio in the spleen and serum
IFN-γ level) than the control mice.1,25-(OH)2D3 treatment significantly decreased the number of sneezing, nasal
rubbing, OVA-sIgE and IL-17 in serum, IL-5 and IL-13 levels in NALF, Th17 cell ratio in the spleen and the
histological of nasal mucosal but increased the number of IL-33-positive epithelial cells in AR mice. However,
1,25-(OH)2D3 treatment did not significantly influence IFN-γ level in serum, and Th1, Tbet+Th1 and Th2 cell
ratio in spleen.

Thus, 1,25-(OH)2D3 may exert anti-allergic effects by suppressing Th17 responses and local production of IL-5
and IL-13 cytokines.

1. Introduction

Allergic rhinitis (AR) affects 10%–20% of the population worldwide
[1]. Th1/Th2 imbalance is believed to play a critical role in airway
allergic diseases, but this mechanism alone cannot fully explain AR
pathology. Recent studies have demonstrated that increased IL-17
levels and Th17 cell number in nasal mucosa and peripheral blood
are associated with clinical severity in patients with AR [2,3]. In
addition, exogenous anti-IL-17 reduced the symptom severity, serum
IgE level and Th2 response in ovalbumin (OVA)-induced AR mice [4],
and IL-17-deficient AR mice show significantly reduced sneezing, serum
IgE levels and local eosinophil count compared with wild-type AR mice
[5]. 1,25-Dihydroxyvitamin D3(1,25-(OH)2D3), the active metabolite of
vitamin D, has many effects on innate and adaptive immunity [6].
Clinical studies have reported that 1,25(OH)2D3 improves the gluco-
corticoid response in resistant asthma patients [7], possibly because
1,25(OH)2D3 inhibits a Th17 response in asthma [8,9]. A recent study
reported that despite the limited associations between vitamin D and

AR, the inclusion of foods containing vitamin D in maternal diets during
pregnancy can have beneficial effects during childhood [10].

Nasopharynx-associated lymphoid tissue (NALT) is considered the
equivalent of Waldeyer's ring in humans and is important for local
immunity in the upper respiratory tract in AR [11]. Although IL-17 is
critical for the development of ectopic lymphoid tissues [2], the local
expression and regulation of IL-17-producing Th17 cells in NALT is not
well understand.

In this study, we mainly investigated the Th17 responses in the local
and systemic immune responses of an AR model and evaluated whether
vitamin D alters the Th17 response and alleviates inflammation in an
OVA-induced allergic mouse model.

2. Materials and methods

2.1. Animals

Specific pathogen-free (SPF) 6-week-old female C57BL/6 mice were
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purchased from Hunan SJA Laboratory Animal Co., Ltd. and housed in
the Guangxi Medical University Laboratory Animal Centre under SPF
conditions. All experimental procedures were performed under ap-
proval from the Animal Care and Use Committee of Guangxi Medical
University.

2.2. Induction of allergic rhinitis in mice

Mice were sensitized and challenged by intranasal administration of
OVA as described by Virginia McMillan Carr [3]. Mice were divided
into 3 group and nine mice per group: (1) the negative control group,
which was treated with PBS, (2) the AR group, which was treated with
OVA, and (3) the AR with intraperitoneal 1,25-dihydroxyvitamin D3
treatment (AR + 1,25-(OH)2D3) group. The procedure is shown in
Fig. 1. Briefly, mice were sensitized by intranasal administration of
5 μl filter-sterilized 1.0% ovalbumin (OVA; Grade V; Sigma) in each
side of the nares for 3 weeks (5 consecutive days per week, Monday to
Friday). After two weeks of rest, the mice were challenged with OVA for
another 5 days; the AR + 1,25-(OH)2D3 group was treated with sub-
cutaneous injection of 100 ng 1,25-(OH)2D3 (MedChem Express, USA)
in 100 μl PBS once every other day during weeks 4, 5 and 6, while the
control and AR groups were injected with PBS instead of 1,25-(OH)2D3.
Twenty-four hours after the final challenge and injection, mice were
sacrificed.

2.3. Evaluation of nasal symptoms

To determine the change in nasal symptoms, the number of
instances of sneezing and rubbing was counted for 15 min after the
final challenge, by three observers blinded to treatment and compared
with that of the AR group.

2.4. Isolation of NALT

As shown in Fig. 5C, the paired NALT was present on the nasal
surface of the palate. The palate can be easily removed from the oral
cavity, and NALT was clearly visible on the separated palate. NALT was
collected from each group for immunofluorescence staining or flow
cytometric analysis after isolation of the cells using a 70 μm cell
strainer.

2.5. Histological assessment

Twenty-four hours after the final challenge and injection, mice were
sacrificed with a lethal dose (120 mg/kg) of pentobarbital sodium. The
skin, muscle and eyes were cleaned from the heads; then, the
decapitated heads were fixed in 4% paraformaldehyde in PBS for
24 h and decalcified for 6 days in 10% EDTA. After decalcification,
the noses were soft enough to cut with a razor blade, and the anterior
portion of the nose and brain were excised, while the remainder of the
nose was divided into two blocks and embedded in paraffin. Sections
were stained with hematoxylin and eosin (H & E) to evaluate the
histological changes and Periodic Acid-Schiff (PAS) to count the goblet
cells.

The histological score was determined using a method modified
from a previous report [4]. Briefly, the tissue was scored as follows: 0:
no evidence of inflammatory cells, desquamation of cilia and glandular
hypotrophy, 1: mild, occasional scattered inflammatory cells and
desquamation of cilia, 2: moderate infiltration of inflammatory cells,
desquamation of cilia and glandular hypotrophy, 3: severe, diffuse
infiltration of inflammatory cells with desquamation of cilia and
glandular hypotrophy. Sections were examined blindly with three
different mucosal areas in each of two sections per mouse and six mice
per group.

2.6. Immunofluorescence microscopy

Frozen NALT sections were blocked with 5% goat serum for 30 min
and stained with rat anti-mouse CD4 (Abcam, USA; 1:150 dilution) and
rabbit anti-mouse IL-17 (Bioss, China; 1:100 dilution) at 4 °C overnight
before being incubated with Alexa Fluor 488-labeled goat anti-rat
(Abcam; 1:500 dilution) and Alexa Fluor 594-labeled goat anti-rabbit
(Abcam; 1:1000 dilution) secondary antibodies for 45 min at 37 °C.
Nuclei were stained with DAPI (BIOSS, China). Rat IgG (BIOSS, China)
and rabbit IgG (BIOSS, China) were used for control staining.

Paraffin-embedded nasal tissues were cut into sections (5 μm),
bathed in boiling citrate buffer (0.01 M, pH 6.0) for 30 min, washed
in PBS 5 times and blocked with 5% goat serum for 30 min. Then, the
slides were stained with rabbit anti-mouse IL-33 (BIOSS, China) at 4 °C
overnight and incubated with Alexa Fluor 594-labeled goat anti-rabbit
secondary antibody (1:500 dilution) for 45 min at 37 °C, while nuclei
were stained with DAPI. Rabbit IgG (BIOSS, China) was used for control
staining. The total number of IL-33-positive epithelial cells in two
sections per mouse and six mice per group was counted. Sections were
viewed with a fluorescence microscope (Olympus) and analyzed using
Image-Pro Plus 6.0.

2.7. Flow cytometric analysis

Spleens and NALTs were separated into single cells using 70 μm cell
strainers and cultured in RPMI 1640 with 10% FBS at a concentration of
1.0 × 106 cells/ml. Then, the cells were stimulated with 75 ng/ml PMA
(Sigma-Aldrich), 1000 ng/ml ionomycin (Sigma-Aldrich) and 1 μl/ml
BD Golgi Plug™ for 4 h. Cells were washed and resuspended in 100 μl of
staining buffer (3% FBS in PBS), 1 μl/ml anti-CD16/32(2.4G2) was
added to block Fcγ receptors, and surfacemarkers were stained with
PerCP-Cy5.5-conjugated anti-mouse CD4(RM4-5) and PE-CF594-con-
jugated anti-mouse CD3(145-2C11). After the cells were washed and
permeabilized (eBioscience, USA), they were stained intracellularly
with PE-conjugated anti-mouse T-bet(O4-46), APC-conjugated anti-
mouse IFN-γ(XMG1.2), PE-Cy7-conjugated anti mouse IL-4(11B11)
and Alexa Fluor 488-conjugated anti-mouse IL-17(TC11-18H10).
Then, the samples were washed and resuspended in staining buffer
and analyzed with a FACSCalibur flow cytometer (BD FACSCanto II).
The data were analyzed with FlowJo 10.0.7 (Tree Star).

2.8. Enzyme-linked immunosorbent assay

Blood samples were collected from the inner canthus vein and
centrifuged to isolate serum, which was stored at −80 °C. The serum
OVA-sIgE (Biolegend, USA), IFN-γ (CUSABIO, China) and IL-17
(Neobioscience, China) levels and nasal lavage fluid IL-5 and IL-13
(CUSABIO, China) levels were determined by ELISA, which was
performed according to the manufacturer's instructions.

2.9. Statistical analysis

All statistical analyses were performed using GraphPad Prim 6.0.
Data were expressed as the mean ± standard deviation (SD).
Differences in parametric data were evaluated by using one-way

Fig. 1. The experimental protocol. AR mice were sensitized with 1% OVA (5 μl in each
nostril) on weeks 1, 2 and 3. After two weeks of rest, mice were challenged with 1% OVA
(5 μl in each nostril) for 5 days on week 6. AR mice were treated with subcutaneous
injections of 1,25-(OH)2D3 (100 ng in 100 μl PBS) once every other day during weeks 4, 5
and 6. Control mice were sensitized, challenged and injected with PBS.
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analysis of variance (ANOVA), followed by Tukey's post-hoc test.

3. Results

3.1. 1,25-(OH)2D3 treatment alleviates histological changes, goblet cell
hyperplasia and nasal symptoms in OVA-induced AR mice

AR mice showed rapid onset of sneezing and rubbing after OVA
challenge, increased the number of goblet cells, desquamation of cilia,
glandular hypotrophy and inflammatory cell infiltration was found in
the mucosal area. Treatment with 1,25-(OH)2D3 significantly decrease
the frequency of sneezing and rubbing, and the histological score, the
number of goblet cells was lower in AR + 1,25-(OH)2D3 mice than AR
mice (Fig.2). These results indicate that 1,25-(OH)2D3 treatment
reduced nasal symptoms and histological changes.

3.2. The Th17 cell percentage in spleen is decreased after 1,25-(OH)2D3

treatment in AR mice

The percentage of Th2 and Th17 cells in spleen was markedly higher
in the AR mice than in the PBS-treated mice, and the mice treated with
1,25-(OH)2D3 showed a significantly smaller proportion of Th17 cells
but not Th2 cells than the AR mice (Fig. 3F, Fig. 3G). T-bet has been
reported to regulate the Th1/Th17 [5] and Th1/Th2 balance [12]. To
determine whether the change in Th2 and Th17 responses were
associated with T-bet, we analyzed T-bet expression in Th1 cells. The
percentage of IFN-γ+ Th1 and T-bet+IFN-γ+ Th1 cells was significantly
lower in the AR mice than the control mice, but there was no significant
difference in the percentage of IFN-γ+Th1, T-bet+IFN-γ+ Th1 cells in
AR mice and AR + 1,25-(OH)2D3 mice (Fig. 3E, Fig. 3F). The above
data indicate that while OVA-induced AR mice mainly showed down-
regulation of T-bet in Th1 cells and a corresponding increase in Th17
cells, treatment with 1,25-(OH)2D3 did not change T-bet expression,
suggesting that 1,25-(OH)2D3 can directly suppress Th17 response
independently of T-bet.

3.3. 1,25-(OH)2D3 suppresses IL-5, IL-13, IL-17 and OVA-sIgE production
but not IFN-γ production in AR mice

While it is well known that AR is characterized by downregulation
of the Th1-related cytokine IFN-γ and upregulation of Th2 associated
cytokine. However, Th17-related IL-17 production in AR is not well
understood. To study the mechanisms of 1,25-(OH)2D3 in AR, we
analyzed the IL-17, IFN-γ and OVA-sIgE levels in serum, and the IL-5,
IL-13 levels in NALF. The results indicated that the IFN-γ level in the AR
mice was significantly downregulated relative to that in the control
mice, but the IL-5, IL-13 and IL-17 level in serum was greatly
upregulated in intranasal OVA-induced AR mice. While 1,25-(OH)2D3

treatment did not influence the IFN-γ level in the AR mice, it did
decrease the IL-5, IL-13, IL-17 and OVA-sIgE levels significantly (Fig. 4).
Our findings indicate that 1,25-(OH)2D3 inhibits IL-5 and IL-13
production in local and Th17 related-IL-17 production in system.

3.4. 1,25-(OH)2D3 suppresses Th17 cells in NALT

The distribution and expression of Th17 cells in NALT among three
groups were detected by immunofluorescence staining of CD4 and IL-17
double positive cells (Fig. 5A), and NALTs in each group were combined
to dissociate into single cells, and stained with CD3, CD4, IL-17 to
analyze the percentage of Th17 cells by flow cytometry (Fig. 5D). We
confirmed the expression of Th17 cells in NALT and 1,25-(OH)2D3

treatment decreased it than the AR mice (Fig. 5A). These findings
suggest that Th17 cells may also be involved in nasal mucosal allergic
reaction, and that treatment with 1,25-(OH)2D3 suppressed the expres-
sion of Th17 cells in NALT.

3.5. 1,25-(OH)2D3 shifts the balance toward IL-33-positive cells in OVA-
induced AR mice

We investigated whether IL-33 is involved in AR through immuno-
fluorescence staining of IL-33-positive cells and found that IL-33 is

Fig. 2. Effects of 1,25-(OH)2D3 on histological changes and nasal symptoms in the OVA-induced AR model. Staining of (A) and (B), non-treated allergic rhinitis shows inflammatory cell
infiltration into the nasal mucosa, goblet cell hyperplasia, desquamation of cilia and glandular hypotrophy, treatment with 1,25-(OH)2D3 significantly decreased histological changes. (A)
shows H& E staining at ×400 magnification, (B) shows PAS staining at ×400 magnification. (C) and (D), the total number of sneezing and nasal rubbing motions was significantly
reduced by 1,25-(OH)2D3, n= 9. (E). The number of goblet cells, n= 6. (F). Nasal histological scores, n= 6; Values represent the mean ± SD, ***P < 0.001 vs. the AR group.
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mainly expressed in the nucleus of epithelial cells (Fig. 6A). Surpris-
ingly, while IL-33 was highly expressed in the epithelium, intranasal
instillation of OVA significantly reduced the number of IL-33-positive
cells in AR mice, and 1,25-(OH)2D3 treatment increased this number
(Fig. 6B). These findings suggest that IL-33 release from epithelial cells
may be linked to allergen inflammation in AR mice and that treatment
with 1,25-(OH)2D3 is advantageous in maintaining IL-33 at a steady
state.

4. Discussion

Intranasal instillation of OVA has been shown to induce a stronger
IL-17 response than IP injections of OVA with alum [13], and the
addition of aluminum hydroxide can inhibit the secretion of Th1-
polarizing cytokines [14]. Thus, to better investigate the Th17 and Th1
responses and more closely mimic human exposure history, we
sensitized and challenged the mice in our study by intranasally
administering a small volume of OVA. The percentage of Th17 cells
in the spleen and the IL-17 level in the serum were higher in the AR
mice than the control mice. However, even without the use of
aluminum hydroxide, the AR mice demonstrated a significantly reduced
Th1 response compared with the control mice.

To investigate the influence of 1,25-(OH)2D3 in AR, OVA-induced
AR mice received subcutaneous injections of 100 ng 1,25-(OH)2D3

every other day, which is thought to be an optimal supplement of
vitamin D in mice [15]. 1,25-(OH)2D3 administration significantly
decreased the serum IL-17 level and the percentage of Th17 cells in

the spleen. As T-bet has a pivotal role in the development of IFN-γ-
producing cells and suppresses the Th17 response by blocking the Th17
cell–specific transcription factor RORγt [16], we analyzed the T-
bet+IFN-γ+ Th1 cells in the spleen to determine whether the reduced
Th17 response was regulated by T-bet. Treatment with 1,25-(OH)2D3

did not change the serum IFN-γ level or the percentage of T-bet+IFN-
γ+ Th1 cell in the spleen. These results suggested that 1,25-(OH)2D3 has
a suppressive effect on IL-17-producing Th17 cells independent of T-
bet-controlled Th1 responses and were in line with an in vitro study
showing that 1,25-(OH)2D3 can directly inhibit the expression of RORα,
RORγt, IL-17A, IL-17F, and IL-23R and reduce the frequency of IL-17+

cells [17].
With this study, we are the first to report the local presence of Th17

cells in NALT, and we found that NALT was covered with epithelial cells
and exhibited a high percentage of Th17 cells. Other experiments have
reported that APCs, DCs and B cells also reside in the NALT [18–20],
and a NALT-deficient mouse study showed that these cells play a critical
role in IgE production by local B cells [11]. Considering the unique role
of NALT in the upper airway, we speculate that NALT may also be
involved in local AR, which is characterized by local, but not systemic,
IgE expression [21–24]. Despite the influence of IL-17 in recruiting
eosinophils and neutrophils [25], it may also contribute to the
development of inducible bronchus-associated lymphoid tissue [2]
and enhance B-cell infiltration in human asthmatic airways [26]. In
this study, we found that OVA-induced AR mice show a higher
percentage of Th17 cells in NALT than PBS-treated mice, and treatment
with 1,25-(OH)2D3 decreased the percentage of Th17 cells relative to

Fig. 3. (A), (B) and (C), In the CD4+ population, the proportion of Th17 cells, but not IFN-γ+Th1, T-bet+IFN-γ+Th1, and Th2 cells in the spleen decreased after treatment with 1,25-
(OH)2D3. Splenocytes were incubated with PMA and ionomycin in the presence of GolgiPlugTM mixture for 4 h. Cells were then stained with anti-CD3-PE-CF594 and anti-CD4-PerCP-
Cy5.5 and further stained intracellularly with anti-IL-17-Alexa Fluor 488, anti-IFN-γ-APC, anti-IL-4-PE-Cy7, and anti-T-bet-PE to analyze the percentage of Th1, Th2 and Th17 cells by
flow cytometry. (D) The frequency of IFN-γ+ Th1 cells in the spleen. (E) The frequency of T-bet+IFN-γ+ Th1 cells in the spleen. (F) The frequency of Th2 cells in the spleen. (G) The
frequency of Th17 cells in the spleen. Data are shown as the mean ± SD, n= 6. ⁎⁎P < 0.01, ⁎⁎⁎P < 0.001, N.D.: not detected, and N.S.: no significance in comparison with the AR
group.
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that in AR mice. Therefore, targeting IL-17-producing Th17 cells may
aid in controlling AR in a local and systemic manner.

Although many reports have investigated the role of vitamin D in
inhibiting the Th17 immune response [27–29], the effect of vitamin D
on Th1 and Th2 responses remains controversial. In vitro studies,
treatment of isolated splenocytes with 1,25-(OH)2D3 and OVA had two
effects on the Th2 response: the IL-4 and IL-13 levels increased
significantly, but the IL-5 and IFN-γ levels decreased [15]; Another
study cultured isolated human PBMCs with dexamethasone plus or
minus 1,25-(OH)2D3, showing that 1,25-(OH)2D3 has additive effects on
Th1 inhibition but not Th2 cytokine production [30]. 1,25-Dihydrox-
yvitamin D3 has reported to inhibit IL-4 levels through VDR but not
GATA3 under polarizing conditions [31], and to enhance IL-4 levels as
well as GATA3 under nonpolarzing conditions [32], this different may
due to the cytokine environment [31]. And it has been reported that
treating isolated murine CD4+ cells with 1,25-(OH)2D3 under Th1-
polarizing conditions does not influence the frequency of IFN-γ+ cells
[17]. In vivo studies, VDR knockout mice develop a robust expression of
IL-5 and IL-13 in BALF as well as elevated total IgE and OVA-sIgE in
serum [33]. In addition, 1,25-(OH)2D3 can repress overt IgE-mediated
mast cell activation in vitro and in vivo [34]. In our study, 1,25-
(OH)2D3 suppressed the expression of IL-5 and IL-13 cytokines in NALF,
but did not change the Th2 cell ratio in the spleen, suggesting that more
than Th2 cells may be involved in mucosal allergic reactions, as it has

been reported that group 2 innate lymphoid cells (ILC2) are the major
producer of IL-5 and IL-13 in murine lung [35], and IL-33-responsive
innate lymphoid cells are an important source of IL-13 in nasal polyps
[36].

To investigate the influence of 1,25-(OH)2D3 on epithelial cell-
derived inflammation, we evaluated the expression of IL-33 in nasal
tissues with immunofluorescence microscopy. IL-33 is the most recent
addition to the IL-1 cytokine family [37]. IL-33 localizes in the nucleus
under steady-state conditions and is rapidly released from damaged
cells in response to infection, injury and inflammation [38]; epithelial
cell-derived IL-33 can activate ILC2 whom settled in the submucosal to
produce large amounts of IL-5, IL-13 and small amount of IL-4 [39]. As
IL-5 is essential for eosinophil recruitment, IL-13 induces mucus
hyperproduction [40], and IL-4 plays a critical role in Th2 cell
differentiation, thus to potentiate type-2 immune responses in allergic
diseases [37,41]. VD3 has been summarized to be efficacious in
reducing epithelial cell-derived inflammation in the upper and lower
airway and down-regulate the fibroblast production of chemokine
ligand 5 (a powerful eosinophil chemoattractant) [42]. However, the
expression of IL-33 in nasal tissue has not been reported. In our study,
we found that IL-33 was highly expressed not only in the nucleus of
epithelial cells but also in chief cells and some intercalated duct cells.
However, OVA challenge significantly decreased the number of IL-33-
positive epithelial cells, and 1,25-(OH)2D3 treatment increased the

Fig. 4. Treatment with 1,25-(OH)2D3 reduced IL-17 and OVA-sIgE levels in serum, IL-5 and IL-13 levels in nasal lavage fluid. The serum levels of IFN-γ (A), IL-17 (B) and OVA-sIgE (C),
the nasal lavage fluid levels of IL-5 (D) and IL-13 (E) were determined by ELISA. Values represent the mean ± SD, n = 9. ⁎P < 0.05, ⁎⁎P < 0.01, ⁎⁎⁎P < 0.001, N.D.: not detected, in
comparison with the AR group.
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number of IL-33-positive epithelial cells in AR mice. 1,25-(OH)2D3 may
function by alleviating local mucosal inflammation and maintaining
more epithelial cells in a steady-state condition without releasing IL-33
from the nucleus. An in vitro study reported that human bronchial
epithelial cells cultured with 1,25-(OH)2D3 exhibited increased expres-
sion of the soluble decoy receptor for IL-33 (sST2), which inhibits the
actions of IL-33 [43]. Suggesting that 1,25-(OH)2D3 affect epithelial
cell-derived IL-33-induced allergic responses by suppressing the release
of IL-33 from the nucleus and increasing the expression of sST2.

Clinically, it has been demonstrated that VD3 supplementation
benefits newly diagnosed asthma in children [44], and the inclusion
of foods containing vitamin D in maternal diets during pregnancy can
have beneficial effects during childhood [10]. As cigarette smoke has
shown to inhibit VDR translocation on bronchial epithelial, suggesting
that VD3 mainly play a role in the initial stage of the allergic airway
diseases, and damaged tissues may limit its effectiveness, this may be
the reason why the association between AR and VD3 is less consist in
adults [45–47]. And the effect of VD3 on innate immunity more than

Fig. 5. (C) The location of NALT (Masson, ×40): NALT is located on the nasal surface of the palate. (A) Nasal sections (original magnification, ×400) were stained with rat anti-mouse
CD4, rabbit anti-mouse IL-17, goat anti-rat-Alexa Fluor 488 (green), and goat anti-rabbit-Alexa Fluor 594 (red) antibodies, and nuclei were stained with DAPI (blue). (B) Rat IgG and
rabbit IgG were used in control staining. CD4+ and IL-17+ double-positive cells were classified as Th17 cells. (D) Four to six NALT specimens were collected from each group,
dissociated into single cells, and stained with anti-CD3-PE-CF594, anti-CD4-PerCP-Cy5.5 and anti-IL-17-Alexa Fluor 488 to analyze the percentage of Th17 cells by flow cytometry. OC,
oral cavity, NC, nasal cavity, NS, nasal septum, NALT, nasal-associated lymphoid tissue, arrows point to NALT. This experiment had repeated twice and shown similar results. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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adaptive immunity researches are needed in this field.
In summary, our results suggest that 1,25-(OH)2D3 is beneficial in

an AR model and that it functions by inhibiting local and systemic Th17
responses, suppressing the production of IL-5 and IL-13 cytokines in
NALF and maintaining IL-33 under steady-state in nasal tissues.

Acknowledgments

This study was supported by the National Natural Science
Foundation of China (No: 81460097). We thank all members of
Research Center of Medical Sciences and Pathology Department（The
People's Hospital of Guangxi Zhuang Autonomous Region, 6 Taoyuan
Road, Nanning 530021,China）for support and discussions.

References

[1] J.L. Brożek, J. Bousquet, C.E. Baena-Cagnani, S. Bonini, G.W. Canonica, T.B. Casale,
et al., Allergic rhinitis and its impact on asthma (ARIA) guidelines: 2010 revision, J.
Allergy Clin. Immunol. 126 (2010) 466–476.

[2] J. Rangel-Moreno, D.M. Carragher, Garcia-Hernandez M. de la Luz, J.Y. Hwang,
K. Kusser, L. Hartson, et al., The development of inducible bronchus-associated
lymphoid tissue depends on IL-17, Nat. Immunol. 12 (2011) 639–646.

[3] V.M. Carr, A.M. Robinson, R.C. Kern, Tissue-specific effects of allergic rhinitis in
mouse nasal epithelia, Chem. Senses 37 (2012) 655–668.

[4] S.H. Shin, Y.H. Kim, J.K. Kim, K.K. Park, Anti-allergic effect of bee venom in an
allergic rhinitis mouse model, Biol. Pharm. Bull. 37 (2014) 1295–1300.

[5] M. Matsuyama, Y. Ishii, Y. Yageta, S. Ohtsuka, S. Ano, Y. Matsuno, et al., Role of
Th1/Th17 balance regulated by T-bet in a mouse model of Mycobacterium avium
complex disease, J. Immunol. 192 (2014) 1707–1717.

[6] C.P. Kerley, B. Elnazir, J. Faul, L. Cormican, Vitamin D as an adjunctive therapy in
asthma. Part 1: a review of potential mechanisms, Pulm. Pharmacol. Ther. 32
(2015) 60–74.

[7] A.M. Nanzer, E.S. Chambers, K. Ryanna, A.T. Freeman, G. Colligan, D.F. Richards,
et al., The effects of calcitriol treatment in glucocorticoid-resistant asthma, J.
Allergy Clin. Immunol. 133 (2014) 1755–1757.

[8] A.M. Nanzer, E.S. Chambers, K. Ryanna, D.F. Richards, C. Black, P.M. Timms, et al.,
Enhanced production of IL-17A in patients with severe asthma is inhibited by
1α,25-dihydroxyvitamin D3 in a glucocorticoid-independent fashion, J. Allergy
Clin. Immunol. 132 (2013) 297–304.

[9] A. Hamzaoui, A. Berraïes, B. Hamdi, W. Kaabachi, J. Ammar, K. Hamzaoui, Vitamin
D reduces the differentiation and expansion of Th17 cells in young asthmatic
children, Immunobiology 219 (2014) 873–879.

[10] S. Bunyavanich, S.L. Rifas-Shiman, T.A. Platts-Mills, L. Workman, J.E. Sordillo,
C.A. Camargo, et al., Prenatal, perinatal, and childhood vitamin D exposure and
their association with childhood allergic rhinitis and allergic sensitization, J.
Allergy Clin. Immunol. 137 (2016) 1063–1070.

[11] D.Y. Kim, S. Fukuyama, T. Nagatake, K. Takamura, I.G. Kong, Y. Yokota, et al.,
Implications of nasopharynx-associated lymphoid tissue (NALT) in the development
of allergic responses in an allergic rhinitis mouse model, Allergy 67 (2012)
502–509.

[12] N. Glanville, T.J. Peel, A. Schröder, J. Aniscenko, R.P. Walton, S. Finotto, et al., Tbet
deficiency causes T helper cell dependent airways eosinophilia and mucus
hypersecretion in response to rhinovirus infection, PLoS Pathog. 12 (2016)
e1005913.

[13] R.H. Wilson, G.S. Whitehead, H. Nakano, M.E. Free, J.K. Kolls, D.N. Cook, Allergic
sensitization through the airway primes Th17-dependent neutrophilia and airway
hyperresponsiveness, Am. J. Respir. Crit. Care Med. 180 (2009) 720–730.

[14] A. Mori, E. Oleszycka, F.A. Sharp, M. Coleman, Y. Ozasa, M. Singh, et al., The
vaccine adjuvant alum inhibits IL-12 by promoting PI3 kinase signaling while
chitosan does not inhibit IL-12 and enhances Th1 and Th17 responses, Eur. J.
Immunol. 42 (2012) 2709–2719.

[15] V. Matheu, O. Back, E. Mondoc, S. Issazadeh-Navikas, Dual effects of vitamin D-
induced alteration of TH1/TH2 cytokine expression: enhancing IgE production and
decreasing airway eosinophilia in murine allergic airway disease, J. Allergy Clin.
Immunol. 112 (2003) 585–592.

[16] V. Lazarevic, X. Chen, J. Shim, E. Hwang, E. Jang, A.N. Bolm, et al., T-bet represses
TH17 differentiation by preventing Runx1-mediated activation of the gene encod-
ing RORγt, Nat. Immunol. 12 (2010) 96–104.

[17] M.T. Palmer, Y.K. Lee, C.L. Maynard, J.R. Oliver, D.D. Bikle, A.M. Jetten, et al.,
Lineage-specific effects of 1,25-dihydroxyvitamin D(3) on the development of
effector CD4 T cells, J. Biol. Chem. 286 (2011) 997–1004.

[18] A. Nacer, D. Carapau, R. Mitchell, A. Meltzer, A. Shaw, U. Frevert, et al., Imaging
murine NALT following intranasal immunization with flagellin-modified circum-
sporozoite protein malaria vaccines, Mucosal Immunol. 7 (2014) 304–314.

[19] A. Nacer, D. Carapau, R. Mitchell, A. Meltzer, A. Shaw, U. Frevert, et al., Imaging
murine NALT following intranasal immunization with flagellin-modified circum-
sporozoite protein malaria vaccines, Mucosal Immunol. 7 (2013) 304–314.

[20] Y. Hou, W. Hu, T. Hirano, X. Gu, A new intra-NALT route elicits mucosal and
systemic immunity against Moraxella catarrhalis in a mouse challenge model,
Vaccine 20 (2002) 2375–2381.

[21] J. Sennekamp, I. Joest, B. Filipiak-Pittroff, A. von Berg, D. Berdel, Local allergic
nasal reactions convert to classic systemic allergic reactions: a long-term follow-up,
Int. Arch. Allergy Immunol. 166 (2015) 154–160.

[22] C. Rondon, J. Fernandez, S. Lopez, P. Campo, I. Dona, M.J. Torres, et al., Nasal
inflammatory mediators and specific IgE production after nasal challenge with grass
pollen in local allergic rhinitis, J. Allergy Clin. Immunol. 124 (2009) 1005–1011.

[23] C. Rondon, P. Campo, A. Togias, W.J. Fokkens, S.R. Durham, D.G. Powe, et al.,
Local allergic rhinitis: concept, pathophysiology, and management, J. Allergy Clin.
Immunol. 129 (2012) 1460–1467.

[24] C. Rondon, P. Campo, L. Galindo, N. Blanca-Lopez, M.S. Cassinello, J.L. Rodriguez-
Bada, et al., Prevalence and clinical relevance of local allergic rhinitis, Allergy 67
(2012) 1282–1288.

[25] Y. Liu, M. Zeng, Z. Liu, Th17 response and its regulation in inflammatory upper
airway diseases, Clin. Exp. Allergy 45 (2015) 602–612.

[26] R. Al-Kufaidy, A. Vazquez-Tello, A.S. BaHammam, S. Al-Muhsen, Q. Hamid,
R. Halwani, IL-17 enhances the migration of B cells during asthma by inducing
CXCL13 chemokine production in structural lung cells, J. Allergy Clin. Immunol.
(2016).

Fig. 6. (A) Epithelial cell nuclei are the main sources of IL-33 in nasal tissue. The number of IL-33-positive cells was significantly lower in OVA-induced AR mice, and treatment with 1,25-
(OH)2D3 significantly increased the number of IL-33-positive cells in AR mice. Nasal sections (original magnification, ×400) were stained with rabbit anti-mouse IL-33 and goat anti-
rabbit-Alexa Fluor 594 (red) antibodies, and nuclei were stained with DAPI (blue). IL-33 expression was viewed with a fluorescence microscope. (B) The number of IL-33-positive
epithelial cells was counted in two sections from each mouse and six mice per group. Values represent the mean ± SD, n= 6. ***P < 0.001 vs. the AR group. Arrows point to epithelial
cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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